Introduction
Contact skarns form in open (non-isochemical) environments and hence a full understanding of their formation requires consideration of actual quantities of both non-volatile and volatile components added or subtracted from the skarn as well as the activities of these components. This paper derives such information for the Pine Creek, California tungsten skarn and follows the mass transfers attending skarn formation in this moderate depth, roof pendant setting.
Igneous petrologists (e.g. Carmichael et al. 1974 ) have used quantitative plots showing the activity of silica vs. activity of alkalis and activity of silica vs. temperature to quantify relationships in a melt or to classify igneous rocks.
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Calculations of activities of various components in metamorphic and metasomatic environments have been applied only rarely (e.g. Bohlen and Essene 1978; Bowman and Essene 1984) , although Burt (1971 Burt ( a, b, 1972a has calculated many schematic topologies for the minerals and components found in skarn-forming environments. Generally, however, his calculated figures provide only a qualitative understanding of the nature of these variables in metamorphic and metasomatic environments. Recent thermochemical data (Robie et al. 1978; Helgeson et al. 1978 ) allow calculation of numerical values for the axes of these activity/ temperature/fugacity plots at specified pressures.
Bohlen and Essene (1978) used a fOz-fFz diagram to deduce upper and lower limits for fluorine, oxygen, hydrogen and water fugacities in fluorite-bearing granulite facies rocks from the central Adirondacks. Bowman (1978) and Bowman and Essene (1984) describe in detail the chemical parameters attending formation of the unmineralized, silica-undersaturated skarns around a satellite intrusion of the Boulder Batholith near Elkhorn, Montana. They show the importance of considering silica and alumina activities as well asfO2, aCO2, P, T, etc. and suggest, without quantification, that aFe20 3 may be an important variable in cotrolling mineralogical and compositional changes in the skarn.
Embellishing on the framework established by these earlier workers, this paper presents calculations of activities relating to the formation of the Pine Creek, California tungsten skarn in the Sierra Nevada Mountains.
Geology and P-T -X (f) framework
The Pine Creek, California tungsten mine is the largest deposit and only operating property in the Bishop District (Bateman 1965) . The scheelite-and molybdenite-bearing skarns are developed at contacts between the mineralizing Morgan Creek Quartz Monzonite (MCQM) (Newberry 1982) and Upper Paleozoic carbonate rocks present as roof pendants and septa in both the Tungsten Hills and the more extensive Pine Creek Pendant (Fig. 1) .
Silicate phase relations in the contact aureole of the MCQM limit pressures to less than 2 kbars (Brown 1980; Brown et al. 1985) , and 1.5 kbars has been chosen as a working value for our thermodynamic calculations. Temperatures are constrained by calcite-dolomite thermometry and calc-silicate phase relations to 500-600~ (Brown 1980) , and 527 ~ C (800 K) is used for ease of calculation in the following discussion. An assumption of isothermal ) ',',;;,',# "",51i#5~, ." A. " . Bateman (1965) and Newberry (1982) conditions for the prograde, main-stage skarn forming event only approximates the actual time/temperature development of the skarn. The thermodynamically underdetermined nature of the skarn precludes exact specification of time/temperature relations. The purity of the marble leads to a paucity of univariant or invariant assemblages and to an inability to tightly constrain X(CO2). Available data show that X(COJ decreases rapidly toward the MCQM and most of the skarn formation took place with X(COJ <0.1 (Brown et al. 1985) . The generally restricted lateral extent of the skarn (< 10-20 m) is supportive of the isothermal assumption. Extending this analysis to conditions of retrograde skarn alteration or even the final sulfidation steps of the main-stage skarn formation would require either better temperature control, perhaps using fluid inclusion filling temperatures, or changes in the above assumptions.
Calculations of gas species for the system C-O-H-S-F for early-and main-stage skarn formation demonstrate that water and carbon dioxide comprise >94% of the fluid phase, the remainder being mainly H2S (Brown 1980; Brown et al. 1985) . The absence of primary iron and titanium oxides in the skarn presents a problem for determining oxygen fugacities. Consideration of other minor gases (notably FJ in rocks of appropriate bulk composition limits oxygen fugacities to 10 -23"5 -+ 1. While this approach gives fairly good limits onfO2, more precise determinations are necessary to decide whether or notfO 2 variations were important in determining skarn mineralogy and phase composition. Calculations deriving tighter limits on fO 2 variations as well as the importance and range of non-volatile component activities will be discussed in this paper. It is interesting to note that while loosely referred to here as "non-volatile", the components are easily transported in the skarn-forming fluids and their activities generally lie in the range 10 ~ to i0 -~~ overlapping the average aS 2 for this P-T regime.
Whereas the calculations presented below were made for conditions at 1.5 kbars and 800 K, the methodology applies generally to skarns forming in other P-T regimes. Large pressure variations will have small but often significant effects on the position of calculated equilibria because most of the reactions considered have small volume changes. Temperature variations will have pronounced effects on the location of equilibria but, in general, will be simply manifested by shifts in the topological grid with respect to the axes of the activity/fugacity plots.
Activity calculations
Standard thermodynamic calculations, using Eq. (1), for reactions among minerals and simple oxides, yield activities of non-volatile components and constraints on the stabilities of skarn minerals. Specifically, at equilibrium: This simple reaction limits the activity of CaO in the skarns where quartz is present and wollastonite generally is not. Similar calculations, as summarized in the following figures, delimit the activities of CaO, A1203, F%O3, MgO and WO 3 as well as the fugacity of oxygen. The data base for these calculations is given in Table 1 . Several free energies not available in the literature have been derived from experimental data. Specifically, experimental data (Gustafson 1974; Liou 1974; Gamble 1982; Burton et al. 1982 ) permit calculation of high temperature A G's for andradite and hedenbergite which agree well with free energies determined by Taylor and Liou (1978) and by Navrotsky and Coons (1976) , respectively, from other experimental work.
Lyon and Westrum (t 968) present low-temperature heat capacity data for scheelite between 4 and 350 K While Yakovleva and Rezukhina (1960) report high-temperature heat capacity data from 600-1,100 K. Equation (3) was fitted to a smooth curve joining these data and integrated to obtain high-temperature entropies and enthalpies from 298-600 K, i.e. :
0 o 6~176 31"062 + 0"005215 T-474893"6 T 2) dT
298 AG O is given in KJ/mole; V ~ has units of J/bar; Temperature 800 K.
References: 1. Robie et al. (1978) ; 2. Robinson et al. (1983) ; 3. Charlu et al. (1978) ; 4. calculated frmn Liou (1974) , Gustafson (1974) , Burton et al. (1982) , Gamble (1982) ; 5. calculated this study Above 600 K, Yakovleva and Rezukhina's equation:
was used; combining these equations permits high-temperature free energies for scheelite to be calculated which in turn allows aWO 3 to be calculated for reactions such as :
CaSiO 3 + WO 3 = CaWO 4 + SiO 2.
Wollastonite + WO 3 = Scheelite + Quartz
Reduced activity calculations
To apply calculated activity diagrams to natural assemblages, the activities of component oxides must be adjusted for the effects of solid solutions. The only phases for which these reduced activity calculations have been carried out are the garnets and pyroxenes; the rest of the minerals are either essentially end-member in composition (quartz, wollastonite, calcite, fluorite, rutile) or there are insufficient thermochemical data (known to us) available even to compute their end-member equilibria (vesuvianite, epidote). Scheelite, with variable contents of CaMoO 4 solid solution ((~20%, Wright 1973) , is treated as a pure phase for the one diagram involving aWO 3. Sphene contains up to 20% A1 substitution for Ti in the Pine Creek skarns and marbles (Brown 1980) but this has been ignored as a simplifying step in these calculations.
To rigorously calculate the reduced activities, a knowledge of composition/activity relationships for the phases involved is necessary. Experimental data are usually needed to calculate the directions and magnitudes of the deviations from ideality. One or two parameter (Margules) type models are necessary to adequately describe the mineral solutions. These parameters are normally a function of temperature, pressure and composition; they therefore have no great predictive power and cannot be applied outside the range of conditions for which they were derived.
Activity coefficients have been derived, in a variety of forms, for ranges of binary and ternary garnet solid solutions (Saxena 1973; Ganguly and Kennedy 1974; Hensen et al. 1975; Ganguly 1976; Newton et al. 1977; Cressey et al. 1978) . These determinations have shown that both positive and negative deviations from ideality occur and simple a = X relationships generally do not suffice for these minerals. Garnets related to main-stage tungsten mineralization can be adequately described as grossular-andradite solutions (Brown 1980; Newberry 1982 Newberry , 1983 . Ganguly (1976) calculated an interaction parameter (W = -6.43 K J/mole) for this solid solution but concluded that due to other uncertainties, an assumption of ideal mixing is reasonable. Bird and Helgeson (1980) similarly conclude that within the uncertainty of available data, mixing of aluminum and iron on the octahedral sites in garnets is ideal. Huckenholz et al. (1981) suggest that this solid solution is not ideal due to excess molar volumes of intermediate compositions. Because definitive data are lacking for the solid solutions present in the Pine Creek garnets, the diluents in the garnets have been modeled using an ideal ionic model (Ganguly 1976; Bird and Helgeson 1980) . Other uncertainties in the present calculations likely exceed the possible errors generated by this simplifying assumption. Specifically, the activity (a) has been calculated by the relationship:
In general, the substitutions in the octahedral sites are more extensive and variable than those in the calcium sites. While manganese is the most important diluent for calcium, it is present in fairly constant amounts and has been ignored in the following calculations as has the minor ferrous iron inferred in the garnets from charge balance considerations. Omitting these diluents from consideration reduces the rigorous ionic model:
to the simplified form used here. Errors imparted by these omissions are probably no greater than those generated by the assumptions that the activity coefficient is equal to one and that isothermal conditions obtained. For the skarn pyroxene solid solutions, Saxena (1976) states that in the absence of any other information on the behavior of iron and magnesium in the MI site of clinopyroxene, the simplest approximation of ideal solution for the site is appropriate. Froese and Gordon (1974) derive activity coefficients for coexisting granulite facies pyroxenes from Australia. Their Fig. 1 shows a maximum deviation of 0.04 mole fraction for an ideal solution model versus a simple-mixture solution model. Based on these two studies and the uncertainties outlined above for the present calculations, a simple ionic model approach was used :
a~P~ : (X~) (X~d).
(10)
There is essentially no substitution for calcium in the Pine Creek pyroxenes and negligible substitution of Tschermak's molecule because the skarn is quartz-saturated. Until experimentally derived activity coefficients are available, this simplified calculation will be the basis for modeling the effects of the diluents.
Non-volatile component activities
A compilation of several hundred microprobe analyses of garnets and pyroxenes from the Pine Creek skarn is presented as Fig. 2 . Each data point represents a single specimen with the vertical and horizontal bars indicating the complete range of garnet and pyroxene analyses for that sample. Individual bars represents between 2 and 40 separate analyses with the average number being about ten. Core and rim compositions have not been differentiated in compiling these data nor has the compilation been weighted for such effects as a single divergent analysis greatly increasing the apparent spread of compositions for an otherwise tight cluster. Correcting for these effects causes a decrease in the individual ranges and leads to a lessened For the purpose of choosing an average skarn value however, the total range of analyses has been used. As derived below, lines of constant fO 2 can be superimposed on this compilation and thus a uniquefO z determined for any garnet/pyroxene pair in the skarn. This result follows most closely from a discussion of one of the following activity plots and will therefore be examined in turn. The data in Fig. 2 suggest that an average garnet composition of 30% andradite and an average pyroxene of 50% hedenbergite are representative of the massive garnet skarn. For each of the figures that follows, this average mineral pair has been used to locate the appropriate exchange equilibria curve on the activity plots. The spread about this average is that shown by the range of values plotted in Fig. 2 . For the light-colored outer skarn zone, garnets will initially be assumed to be pure grossular. Pyroxenes in this outer skarn and in the country rock marble are modeled as pure diopside.
Many possible choices of chemical components are possible to describe skarn forming reactions (Burt 1972a (Burt , 1978 Bowman and Essene 1984) . For example, Burr (1972a) chose the fictive component F20_ j to schematically indicate relationships among sanidinite facies skarn minerals. Information about the chemical potential of water would allow #FzO j. to be expressed in terms of/~HF. In addition, #F 2 orfF 2 are equally valid choices~ For the present paper, fO2, fizz, aAl20 3, aCaO, aFe203, aMgO and aWO3 have been chosen for convenience :of calculation as thermodynamic data are readily available for these species. Without specific knowledge of speciation and complexing of these elements in the actual skarn fluid, no one choice of components is any more correct than another.
CaO activities
Figure 3 is a plot of log aCaO vs logJOz. The solid reactants and products for each reaction are given with the abbreviations summarized in Table 1 . The stability of fluorite is delimited, for variable fluorine fugacities, by the boundaries angling down from the upper right on this figure. The importance of fluorite stability on this figure is open to question because Newberry (1982) presents evidence that the fluorite at Pine Creek is related to the retrograde "hydrosilicate" skarn stage. This stage follows the main-stage skarn growth and occurs at a lower temperature (400 ~ C?). Contrary to this conclusion of Newberry (1982) , several of the samples examined in the co~arse of this study contain significant amounts of fluorite that appears to be part of the main-stage outer skarn growth. The fact that fluorite is a common accessory mineral in the outer skarn zone at Pine Creek but is generally absent in the main garnet skarn may also support its high temperature, early origin. Conversely, Newberry would argue that fluorite is present only in the altered outer skarn because it was in this zone that high calcium activities were generated in the retrograde fluids by the breakdown of wollastonitei In any case, the fluorite contours on Fig. 3 may be considered informational and do not weigh heavily in the conclusions that follow. The ruled areas cover the range of aCaO-fO 2 conditions consistent with the mineralogical and compositional data. For the marble, it is only possible to put very wide limits on the CaO activity~ The presence of diopside and the stability of sphene limit aCaO to between 10 -3s and 10-7.1 for these P-T conditions. Because the trend across the outer skarn and inner garnet skarn corresponds to a decrease in CaO activity, the most likely value for the marble is in the upper half of the range, probably above 10-5.7.
The outer light-colored skarn zone is typified by the presence of wollastonite, vesuvianite, (fluorite?) and generally quartz (in addition to calcite + diopside +/-sphene) although silica activities less than one may locally persist (as in the marble). The ruled area for this zone has been chosen to include CaO activities greater than 10 5.7 (reaction 2) and arbitrarily less than that given by the reaction:
Rutile + Lime = Perovskite.
This latter reaction requires silica activities less than one which may occur as shown by scattered occurrences of rutile. The upper and lower fO 2 boundaries are not constrained by the phase assemblages since no readily reducible or oxidizable species are present as, in general, iron had not yet been added to the rocks from the metasomatic fluid. The presence of main-stage fluorite would limit fluorine fugacities to 10 -4t~• for reasonable fO2's in the range 10 -23. ~ + ~.o. The lack of thermochemical data for vesuvianite precludes its use in further limiting fO z or aCaO at the present time.
Within the final few centimeters of the outer skarn zone adjacent to the massive skarn, grossular-rich garnet begins to dominate the calc-silicate assemblage. The visually very sharp contact between the outer and inner skarns marks a color discontinuity which reflects a compositional discontinuity as hedenbergite and andradite become important components in the pyroxenes and garnets, respectively. Within the first few centimeters of the massive skarn, fluorite, wollastonite and vesuvianite generally are no longer present except where rarely included in garnet. These mineralogical changes may be explained by a lowered activity of CaO (Fig. 3 ). An aCaO decreased below 10-s.7, permits quartz to be stable instead of wollastonite. Assuming fF 2 remained the same or decreased, fluorite would become unstable as aCaO decreased. The lower limit on aCaO can be derived from the lack of plagioclase in the skarn. The reaction: CaA12Si20 s + SiO 2 + 2 CoO = Ca3A12Si3012
Anorthite + Quartz + Lime = Grossular limits the aCaO when modeled for impurities (Fig. 3) . Thus the boundaries of the stippled field representing conditions k~ the garnet skarn are given by the lower stability of garnet and the upper stability of quartz; theJO 2 limits are supplied by reaction (11).
Compositional and mineralogical information thus tightly constrain the gradients in CaO activities across the Pine Creek metasomatic zone assuming isothermal conditions. CaO activities were highest in the marble (10-55), decreased slightly in the outer skarn zone (10-5.7 to 10-5.5) and decreased still further in the massive skarn (10-5.9_+ o.2). Fluorine fugacities increased from below 10 -42 in the marble to a maximum of about 10 -415 in the outer skarn. The decrease in a CaO in the garnet skarn coupled with either constant or falling fF z may account for the lack of fluorite in the main garnet skarn. Oxygen fugacities are not tightly constrained in the outer skarn zone but appear to increase slightly and range from 10 .22 to 10 -z4 for the massive garnet skarn. Figure 4 presents the results of calculations for MgO and A1203 activities. This figure also shows graphically that given garnet/pyroxene pairs are associated with unique fO~'s and allows Fig. 2 to be contoured. The results are given in Fig. 5 and will be discussed below. This figure was constructed as described above for the aCaO plot with appropriate reductions in activities.
A1203 and MgO activities
No lower limit of aA1203 can be placed for the marble because there are no phases present that allow such a boundary to be calculated. The activity of A120 a is certainly less than 10-~.7 which is the value at the boundary between wollastonite and grossular, MgO activities are somewhat more tightly constrained. For most of the marble, the aMgO must lie above the breakdown of diopside (10 -31) and below the stability of dolomite (10 ~.2). The reaction:
CaMg (CO3) a = CaCO~ + MgO + CO 2 04) Dolomite = Calcite + Periclase + CO z has been located for X (CO2)= 0.2, a value consistent with the maximum X(CO2) in the skarns (Brown 1980; Brown et al. 1985) . In a number of samples from one of the smaller mines in the Pine Creek pendant, the Hanging Valley Mine, primary periclase requires much higher MgO activities (a = 1). The arrow in Fig. 4 has been drawn schematically showing a decrease in aMgO and an increase in aAl203 as the outer skarn zone is encountered. The presence of quite pure diopside with wollastonite and quartz in the outer skarn zone defines a unique aMgO = 10-3.2 Again the aA1203 is less well defined, simply being less than t0 -1"7 (ruled area). The presence of grossular-rich garnet with wollastonite defines a unique area on this diagram around aMgO = 10-3.z and aAlzO 3 = 10-17. Again, thermodynamic data for vesuvianite would undoubtedly help to place limits on the activities of these two components in this skarn zone.
The stippled area centered upon aMgO= 10 -3zs and aA1203=10 -1"7 is bounded by the stability limits of Gr(0.7) and Di (0.5) and represents conditions in the garnet skarn. The reaction:
Ca3A12Si3012 + 3SIO2 + 3MgO = 3CaMgSi206 + AlzO3
Grossular + Quartz + Periclase = Diopside + Corundum has been located for the average garnet and pyroxene compositions as well as the end-member compositions. We are only interested in the segment of this line that lies in the area where garnet and pyroxene of the specified compositions are stable. This limits aA120 3 to between 10-~~ and 10 -2 while aMgO is limited to 10 3.~ to 10 -3. Similar limits could be derived for any garnet/pyroxene pair from the skarn.
In addition to constraining these two non-volatile activities, this figure also allows fO2's to be derived for any garnet/pyroxene pair. The reaction: 2CaFeSi20 G + Ca3A12Si301 z + 2MgO + 1/202 = 2CaMgSizO6 + C23F%Si3012 + A1203
Hedenbergite + Grossular + Periclase + 1/202 = Diopside + Andradite + Corundum when solved for a given garnet/pyroxene pair and for a specified aMgO and aA1203, yields a unique fO z. This equilibrium relation has been solved for the average compositions given above and three lines have been plotted corresponding tofO2=10 -22, 10 23 and 10 24. The very acute intersection of these lines with those of reaction (15) yield a f02 of 10 -23 for the crossover (densely stippled) within the window described above, thus limiting the stability of the compositions specified. The simultaneous solution of these equations allows the fO 2 to be specified for any garnet/pyroxene pair at a fixed P-T. This has been done for the range of compositions given in Fig. 2 and thefO 2 contours are superimposed in Fig. 5 . It can be readily seen that most of the compositions are consistent with JOz'S between 10 -22 and 10 -2~. In theory, this figure allows oxygen fugacities to be contoured across the skarn but scatter within samples usually obscures any short-range trends. This scatter is due to fluctuations in component activities and superposition of multiple generations -only the overall trends survive the scatter induced by so many chemical variables.
A figure data, is presented in Einaudi (1977) (his Fig. 17 ) and is used to compare the relative oxidation states of tungsten, copper, and lead-zinc skarns. Einaudi et al. (1981) point out that copper and lead-zinc skarns are associated with more andraditic garnets (Fe + 3) and hence Fan be considered relatively oxidized compared to tungsten ~karns which contain hedenbergite-rich pyroxene (Fe + 2). The fO 2 data derived from this study support this concl~asion of Einaudi (1977) and Zharikov (1970) with oxygei{ fugacities below QFM. The data in Fig. 5 also demonstrate the continuous, systematic variation in garnet and pyroxene compositions within a given skarn system, despite a significant total spread of analyses. The empirically derived limit of X(Hd)+X(And)=l.l from Einaudi is aiso held to by all but two of the samples in Fig. 5 . The total scatter of the analyses about their mean fO 2 for the Pihe ,Creek samples is similar in magnitude to that observed by Einaudi for the Mason Valley, Nevada copper skarnl This spread precludes making a definite statement about ~he relative importance offO 2 variations in controlling the +karn mineralogy; this point is discussed further below. (Fe203) <-6.0 -6.0 to -3.9 -3.9 to -3.0 loga(MgO) -3.1 to -1.2 -3.2 -3.5 to -3.0 loga(WO3) <-5.0 <-5.0 -5.0to -4.7
As summarized in Table 2 , MgO activities decrease toward the igneous rock while aAl203 is increasing. Fairly fight ranges in these activities can be specified for any pair of garnet/pyroxene analyses or sequence of analyses. However the local short-range trends are usually lost in the scatter and only the overall trends given in Table 2 are really meaningful. This conclusion will be further supported below when a specific traverse is studied in detail. for the average garnet/pyroxene compositions. No meaningful lower limits for these components may be assigned to the marbles. However, for the outer and inner skarn zones, this diagram becomes useful. After the formation of wollastonite, A1203 activities eventually became high enough to produce garnet which is initially nearly pure grossular (aA1203 = 10-1.7) while aFe203 is less than 10 -6. As the outer skarn is replaced by the massive garnet skarn, the Fe203 activity rises steadily along the curved line until all the wollastonite has reacted away and the composition of the system is no longer buffered by reaction (19). Conditions then track up into the region indicated by the stippling. The heavily stippled portion corresponds to the previously determinedfO 2 range (Fig. 4) and encompasses a fairly broad range for aFe203=10 -3 to 10 -3"8. There is no good upper limit on Fe203 activities given the mineralogy; the limits are best supplied by thefO 2 restrictions derived earlier. A limited range of permissible activities and a well-quantified trend from the marble, through the outer skarn and into the garnet unit is shown in Fig. 4 and Table 2 .
WO 3 activities
In considering scheelite, a new problem arises -that of the time of deposition of the ore material with respect to the associated silicates. Evidence from Pine Creek (Wright Newberry 1980 Newberry , 1982 Brown 1980) as well as other tungsten deposits (Morgan 1975; Taylor 1976; Kwak 1978) indicates that the bulk of the scheelite (as presently found) was deposited following main-stage skarn development. There is scheelite deposition throughout (time) but the majority of the ore may be remobilized early scheelite. Scheelite exhibits a retrograde solubility in the temperature range 400-500 ~ C at low pressures (Krumhansl 1977) . This dissolution-redeposition behavior with falling temperature helps account for the differences in powellite contents of the early-and late-formed scheelite. The early-formed grains, often preserved in garnet or pyroxene crystals or overgrown by late-scheelite, have high molybdenum contents (10-20% CaMoO~) (Wright 1973) . The later scheelite is low in Mo (0-3% CaMoO~), the molybdenum being present now as molybdenite and indicative of the higher sulfur fugacities at the time of remobilization. In the following discussion the scheelite will be considered to be in thermodynamic equilibrium with the the enclosing silicates and thus treatable in the same way as other phases. No quantitative treatment will be given the powellite solid solution except to note that small amounts of Mo will extend, somewhat, the stability of the scheelite-bearing assemblages.
With the above qualifications in mind, Fig. 7 is afO~-aWO~ plot showing the possible fields of the outer and garnet skarns. The assemblage wollastonite-scheelite-quartz found in a number of specimens from very near the inner/ outer skarn boundary is very restrictive to aWO 3 = 10-5.t. If pyroxene and garnet are also present, a unique fO2 is also determined, and a very small range of WO3 activities is permissible for the skarn assemblages as anorthite is not present. A more detailed discussion of the figure will be given below with a synthesis of skarn and ore formation. The diagrams and generalities developed in the preceding sections have been applied to several traverses across the Pine Creek ore body to test the applicability of the figures and to determine whether a smaller number of analyses will indeed yield trends for some of the activities. Figure 8 is a simplified geologic map of the 207-5th mining sublevel, the traverses and sample numbers are located on the map. This level is located in the upper portion s of the mine and is developed in a reentrant of the marble into the intrusive, here a more mafic quartz-diorite phase of the MCQM. The iron-poor outer skarn zone is present eVerywhere at the marble/skarn contact but the scale of the figure does not permit it to be shown. Pyroxene-rich skarn occurs in this area and has been mapped as a separate unit. Scheelite is present throughout the skarn and does not noticeably correlate with either the "normal" or "high pyroxene" variety of skarn. This part of the mine has abundant chalcopyrite and molybdenite as accessory phases and above-average silver values although little is known about the host for the silver. The quartz/epidote unit is extensively developed on this level and is post-main-stag e as shown by its transgressive nature. Table 3 is a compilation of garnet and pyroxene analyses along the traverses (analytical data are given in Brown 1980). Each of the values in Table 3 is a weighted average of between 2 and 40 separate analyses. The averages were weighted by consideration of alteration and, where possible, core/rim relationships. In addition, Table 3 presents the inferred "non-volatile" activities for each of the components discussed in the previous sections of th~s paper. Finally, Fig. 9 graphically shows the trends of garnet and pyroxene compositions along the traverses.
The garnet and pyroxene compositior~al trends in Fig. 9 display several distinct patterns. Figure 9a exhibits the sharp compositional break at the marble/outer skarn boundary and a slight increase in hedenl~ergite content for the pyroxene as the intrusive is approached. In general, however, the analyses show a fairly constant iron content for both the garnets and the pyroxenes across the skarn a Sk garnet skarn; OS outer skarn; Mbl marble b The "less than" sign (<) means less than the negative number, i.e., <6 could be log a(X)= -7
l oo] with a marked decrease in the endoskarn. There are some anomalous samples (~ 203) which do not fit into the sequence for the traverse and these will be largely ignored in the following discussion. Finally, even considering total scatter for the analyses, some of the traverses here and elsewhere in the mine are associated with slight decreases in the iron contents of the pyroxenes and the garnets toward the intrusive.
In addition to variations in the activities of the many chemical species involved in skarn formation, changes in the absolute amounts of various elements critically affect the final mineralogy and proportions of the phases. A computer program was written to calculate average bulk compositions for a given specimen or zone utilizing average mineral compositions and modal analyses.
The program also calculates the absolute additions or subtractions of components from a given volume of rock during the metasomatic transformation. Table 4 presents the results of these calculations for one of the traverses for the 207-5th. The values in Table 5 demonstrate the importance of considering volume changes during the metasomatic event. Extreme volume changes may actually reverse the inferred direction of net transport for a component. There is no evidence at Pine Creek for such extreme volume changes and in general the metasomatic event probably produced less than a 5% decrease in volume. This decrease is exhibited in the rocks as an increased porosity, now filled with minor quartz and calcite. It is not possible to evaluate this net volume change quantitatively due to, for instance, the absence of marker beds in the original sediments which could be traced into the skarn and allow actual volume changes to be calculated. The results in Table 4 do indicate that significant additions of silicon, aluminum, iron, magnesium, manganese and tungsten have accompanied skarn formation and that calcium and CO 2 have been removed. Consideration of the average thicknesses of the units coupled with the data in Table 4 further indicates that the endoskarn cannot be the source for more than a small percentage of the material added to the skarn. 
Discussion
Only the large-scale trends and major compositional discontinuities are separable from the small-scale scatter in the inferred component activities (Table 3 ). The major factor causing this scatter is the thermodynamically underdetermined nature of the skarn system where the number of phases is considerably less than the number of components. Geologically, this suggests that variations in the amount (rate) of reaction and non-uniform compositions of both the host rocks and the infiltrating solutions resulted in the observed scatter. This prevents solving for unique activities of, for instance, A120 3 or MgO. An additional problem is that the spread of analyses for a given sample is often as wide as the entire variation across the skarn. This zoning and apparent lack of equilibrium between the garnets and pyroxenes is examined in more detail in a companion publication analyzing stable isotope data for the skarn system (Brown et al. 1985) . For the 207-5th level, the data support the same ranges and limits as are summarized in Table 2 for the skarn as a whole with no single variable controlling either mineralogy or composition. A possible correlation between the presence of scheelite and fO2 may be deduced from Eq. (21). A slightly higherfO 2 may locally cross the reaction: 2Hd + Sch + 1/202 = And + Q + WO 3
Hedenbergite + Scheelite + 1/202 --Andradite + Quartz + WO3 destabilizing the scheelite. However, uncertainties in the magnitudes of the changes in the activities and other variables which cannot presently be quantified preclude any definite conclusions for this example.
The treatment of the various non-volatile component activities pursued in this paper demonstrates that trends are evident for the metasomatic system as a whole. Consideration of these variables and trends are as important as the more usual discussions of volatile component activities and fugacities. While general trends are obvious, the small activity changes accompanying profound compositional changes in solid solutions indicate the difficulty of trying to determine which variables are independent and which are dependent. Mass balance considerations attempting to estimate the material transported will be complicated by the strong zoning in garnets and pyroxenes. Further, it is clear that no single variable controls skarn formation or the occurrence of ore. Figure 7 indicates that the presence of scheelite in a quartz saturated environment at 1.5 kbars and 800 K necessitates an activity of WO3 greater than 10-s. ~. However, it is uncertain what controls the presence or absence of ore in any given volume of garnet/pyroxene skarn. The figure shows that garnet skarn generally has a slightly higher aWO3:10 -4"95-+~ but this does not give an unique ore control. A lack of ore may reflect locally lower aWO 3 or a slightly higher fO 2, crossing reaction (21). The simple calculation for the reaction: Sch = CaO + WO 3
Scheelite = Lime + WO 3
gives the result:
-10.78 =log aWO 3 + log aCaO.
Thus a CaO may control the presence or absence of ore; the very andradite-rich garnets are associated with lower aCaO (Fig. 2) and would perhaps require higher WO 3 activities than were obtained to allow ore deposition. Variations in MgO and/or A1/O 3 activities require changes in pyroxene and garnet compositions that yield changes in fO 2 (Fig. 4) . Thus these variables may control ore deposition as readily as the others already discussed.
Therefore, while ore deposition may simply be a result of increased availability of tungsten, details in its distribution and abundance from place to place within a deposit are also strongly affected by slight variations infO 2, a CaO, aA1203, aMgO and aFe20 3 as well. The interrelationships of these factors yields a tightly woven web with no apparent independent strands. Thus, at this time, it is not possible to derive a simple criterion controlling the presence or absence of scheelite in a garnet/pyroxene skarn. Assuming equilibrium conditions prevailed however, it is possible to list chemical parameters consistent with the presence of ore (Table 2) for this P-T, as well as physically observable mineralogical criteria suggesting the presence or absence of ore. Some of these are listed below, and others may be derived from the activity plots given in this study.
The Pine Creek skarns are typified by the presence of sphene and the absence of plagioclase and iron oxides. Sphene is the dominant titanium-bearing phase and implies silica and lime activities are high enough to destabilize rutile and perovskite (Fig. 3) . This level ofaCaO allowed scheelite to form at aWO3=10-s'l; lower aCaO would have required higher WO 3 activities, perhaps higher than could be obtained in the skarn environment. These theoretically higher WO3 and lower CaO activities would be accompanied by either more andraditic garnet or the presence of plagioclase. The absence of plagioclase follows from Figs. 6 and 7 and the assumptions that 1) wollastonite is present, 2) that the solution is not supersaturated and 3) that equilibrium is maintained. The absence of main-stage primary iron oxides can be explained because the presence of magnetite would require either a higher fO2 or a large increase in the a Fe20 3 which would increase the andradite component in the garnet and lower the CaO activity, again requiring higher WO 3 activities to stabilize scheelite.
Other generalities may be extracted from the activity diagrams presented above. The predictive power for determining whether or not a given skarn will bear scheelite is limited by the interrelationships of the variables. The decrease or increase of the activity of a single component may be offset by the complementary change of another yielding an environment that, though different from Pine Creek, may still bear scheelite. Thus the study of non-volatile component activities, while not producing an easily applicable exploration tool, can begin to describe the skarn and ore-forming stages for a given deposit and can be used with chemical data to limit ore possiblities for other parts of a given deposit.
